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DISKAS- 

By J. Elmo Famer, M. B. MLllenson 
and. s. s. - 

SUMMARY 

Results are presented of an experimental investigation to deter- 
mine the temperature distribution in an aircraft-engine.gae-turbine 
disk. High &al- and radial-temperature gradients were found to 
exist both when tha engine was accelerated as rapidly as possible to 
maximum speed and power output and when it was gradually brought to 
these conditions Fn a manner typical of normal service operation. 
Calculated stresses based. on the measured temperature distributions 
are presented. 

Calculations based on the temperature distributions of the 
cooled and of the uncooled faces of the disk,tidicate the desirability 
of operating with a low degree of inner-region cooling, particularly 
in disks with welded blades. 

The stressee in a gas-turbine disk are significantly affected 
by the temperature gradients that &at within it. The rLm, which 
ia close to the hot gases, operates at a high temperature. The 
Znner region, whose radius is less than two-thirda the rim radius, 
is usually much cooler because of its remotenees from the hot gases 
and also because of its proxim%ty to a roller or journalba 
thatmustbemaintainedatalowoperatingtemperature. The 
resultant tendency towards dSferentialtherma1 expansion of the 
varfous regions produces a system of thermal stresses, which some- 
tties constitute the predomWt stresses in the disk. k the 
Inner region, these thermal stresses are tensile and they agersvate 
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the severLty of the stress state by addi% to the centrifugal tensile 
stresses; at the rim they are oompressive and may, under severe con- 
ditione, produce compreelsive plastic flow. In disks that have essen- 
tialZLy continuous rims, auuh as those with welded blades, the plastic 
flow may result in residual tensile stressee and ultztmately in the 
initiatfon and propaeeatLor-of cracks between the bases of the blades. 
Before the complete stress system can be determined, therefore, the 
tharma1 stresses must be investigated. Because of the lack of data 
on actual twerature distributions during service operation of gas- 
turbine disks, however, the acourate calculation of the thermal 
stresses and their effect on the severity 09 the stress atate in the 
disk has heretofore been impossible. 

An investigation of the most severe operating-temperature con- 
ditions to which a turbine disk is subjected and the stresses 
present at these operating conditions was therefore conducted at 
the HACA Cleveland laboratory. Thetemperaturesweremeasuredby 
means of rotating thermocouples (reference 1) and the operating 
stresses were calculated by the methods of references 2 and 3. 

One face of the inner region of the disk is subjected to oool- 
rzlg air and the other face is subjected to the leakage of hot gases. 
A comparison between the temperature distributions on the two faces 
was used to derive qualitative conclusions on the desirability &- 
inner-region turbine-disk cooling, based on it8 effect on the 
stresses both at the inner region of the disk and at the rim. Stress 
calculations were also made on a hypothetical. disk similar to the 
one used in making the taparature measurements but having welded 
blades. 

Apparatus and procedure. - A single-stage turbine wheel having 
an outside disk diameter of approximately 16 inches was used for 
this investigation. Vasles for circulating cooling air over the 
rear turbine bearing were machined on the upstream face cd' the disk. 
The turbine diskwas of analloyhaving a nomiral composition cf 
16 Cr, 25 181, 6 I&, and 0.15 C, tith the balance principally Fe. The 
blades were of the tightly fitted fir-tree type. 

The turbine wheel was installed in a turbojet- engine havln@; a 
dual-entry centrifugal cvessor and a ccanbustion-chamber assembly 
consisting of14 indfvidualburners. The engine was mountedona 
pendulum-type sea-level test stand, as shown in figure 1. 

. 

. 

* 
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Chrcmel-alum& thermocouples vere locatsd on the turbine diek 
as shown in figure 2. The nrnnnar in which the thermooauple lsad 
wireswereattachedto therear side of the Warbins disk&to the 
terminal ring is shown in figure 3. The lsad wires wars passed 
throughholes inthet~~bine and~~~~~pressor shaft8 to oappr slip 
rings andbrmshelsmounted onthe aocessorycase, The ln8trumsnta- 
tion is described ia detail In refersnoe 1. 

Because of the limitation Qn~osed by the slip-ring alssermbly, 
only six thermooouplee could be conneoted for sach run; It sas 
therefore neoessary to repeat each teat coxtditfaP three t-8 to 
obtain all the data, Thermocouple 1 (fig. 2) ap the rim sa8 chosen 
as a referenoe and was oonnected during all the runs. The tail-pipe- 
gastemperature,nhiohwas measured bybare chromel-alumelthexrmo- 
oouples was adjusted by mean8 of a varlabls-area tall-pipe nozzle 
(fig. 15 t o controlconllltions during the -0118 runs. The m&mum 
variation cf teznperature of the reference thermocouple betseen the 
runs occurred during the psr5ods of acceleration. AfterthefixYst 
6 minutes of operatlan, the variatim uas lee8 than 600 B. mbipb- 
rotor speedwasmeasuredbya chronometrdo taohometer. 

Two types of runwere made. Theflrstwasanurto simulatea 
typicalno~ltake-off ofanaIrplane~ouer&Lbyaturbojet~. 
and nil1 be designated the typical take-e esqumoe. !Che engine 
was startedinaboutlminute andthenidledatarotor spsedai 
4000 rp for 4 minutes, whLoh correspond8tathetlme durIngwhich 
the pilot would oheckthe instrwnsnte. Therotar ~~eedwasinoreased 
to 7000 w for 4 minutes to allow the airplans to be tadsd to the 
end of the -y. !iThis 4-minute period was followed by a 2-&n&e 
idlingpsriod, simulating avaitfor oontrol-tower clearance. !Che 
engInewas aoceleratedto ll,3OOrpsfor take-off andwasheld at 
that speed for about 15 minutes. The seoond type of mu, deieigmted 
the emergenoy take-off sequenoe, was one InwhIch the engine was 
started and the rotor speed 18~8 inareaaed as rapidly as poaeible 
without exceeding allowable &es twqperaturee to 11,300 rgm and wa8 
heldoonstantatthatepeed. Inbothtypee&'run,dUktam~era- 
tures were recorded during the entire sequenc8. 

Results of termgezsture measurements. -Themaxul~inwhiahths 
various parts of the (liekwereheateddur%ng each of the twotypee 
of runis 8hownlnfdguree 4 a&S. On the qpstreeun faoe of the 
disk, which is subjeated to the oooUng air, the temperature in the 
inner region is relatively low; whereae on the downetiream faoe, 
whichLs uncooledandmayin faotbe heatedbylweof cambu8tion 
gas, the dnner region reaches re3atSvsly high tempssxtures. The 
diso~tinuity in the data presented in figurss 4 ti 5 fe due to 
dUf'iaulties with the thermooougle instrumentatMn. 
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Plot8 of the radialtentperature~ dletributians azw ahown in fig- 
ure 6. Ip figure 6(a), the teunpez= ture distributiana a the oooled 
snd uuoooled faces, as well as those in the atral plane of the 
disk, are presented for periods aP 10, 12, 14, 16, and 22 minutes 
afterthe start offhetypio~ltake-off aequenoe. These pe3rlods 
give& suffUientraPge oftimefors determlnationcd?allthemost 
severe stress #MitiaPe. Them8ximumradAalteuspexMureg1&Uent 
was measured on the oooled face c& the disk and was about 10500 3'. 
TheadrPlteeqperatursgrs~entarss~~test~the aenterandwas 
about So00 B. Figure 6(b) shows the Mnperatures on the two faues 
and the mtral plane 2, 4. 10, arad 20 mimxtes after start of the 
eumrgencsy take-aEY sequence. 

A method for osl&Iz&tng the stresses in a gas-turbine disk for 
givenvalues of speedand.tempezMtare dL&ributlcmis wesented5n 
refne 2 and 3. In order to obtain socuzx%te stress detez%miPa- 
tlonbythis method, the tornpex&uze at-radius shouldbe essep- 
tiallyu,uXormthroPghthe thitiss of thedisk. Forrigclffous 
8pplloationwhauahQh azlalthe~lgradientexists, the method 
would have to be modified. Swh modification results, however, in 
conslderablemathematioalo~lioation. A simpler approach, rphfoh 
is believed to give results suf'fioientlyacwwate for engineerlng 
use, is to assume a uuiforan -1 tem~ture distributlan equal to 
that edsting in the oentil plane of the disk. The radisltemper- 
ature disttibution in this ceptralplane is therrefore used in the 
stress equatfons to determine 8 first approdmatica of the gross 
stress c9Lstribution 3.n the disk. In ualoulating the stress distrl- 
butions, the holes drllled forr oonvedence in meaeting the temper- 
atures have been negleoted. AeslmrptionsKeremerdet~tthemeas~ 
temperature distributions EUW the s8me 8s those in a solid disk 
under the same operating conditions. 

Itmuetbereao~zsd,h~ver, t~tb~use of the presence 
of the 8xialtesnperature gradient, the stresses are nonunifcwm 
aoro88 the thiaIazess aP the disk. In the extreme case, eaah fsoe 
msy be considered as aotfng Udependently & the remainder cxf the 
dlsk,e&.hggotheti~~%lstress deterrmipationsmaybemade uslngthe 
radial tsmperatlzre distributions at each faoe. If, for Instance, 
the t-rat- of the cooled face of the iii&s is assumed to be 
representative of that present throughout the thi&ness & u disk 
that Is oooled 0~1 both faces and the temper&we on the uncwxled 
fsoe of the disk is assumed representative of that present throughout 
the thlokness ae a ccqletelg tanoooled disk, then calculations based 

I 

3 

. 



HACA RM No. XSC16 5 

ctn eaoh temperature distrfbution will yield a bssis for qualitative 
evaluation of the desirsbility of inner-region oooling. cslrJul8- 
tions were therefore made of the stress distribution uorreqgndin2 
to the tamperat& distributions on each of the faces of the disk. 

Elastic stresses. -Thefest etepinthe&&wminationofthe 
true stste 09 stress in a disk is the oslctiktion & the elastio 
atresses. These 08louUbticrae 8re b8sed cm the ass~tlon of 
proporti~litybetween stream and strain, If the c%alculated 
elastic stresses at the various radii do not eroeed the -ions1 
elastic limit of the disk msterialst the oorrem oP==t+ng 
temperatures, then these stresses are indeed the true operating 
stresses, If atanyradiue the poporMone41 elastio limit Is 
exrxteded, then pl8stio flow tekes plaoe at this loo&i=, and: the 
stress will be altered here aud h the reek of the disk. 

DL addition to aoting 88 a orlterlon for the peeMe af 
plastio flow and as a first step in the determine&ion oi the amount 
of plastio flow, the elastio stresses msy be used as a b8ais for 
oomparison of the severity of 8.nrrmber of altewtive stress aondI= 
tl.ons . IX the elastio stresses in one condition are greater than 
those of another, then the first condition may be oaneidered more 
severe than the Seoond, 

The approxLmate stresses due to centrifugal aotion alone at 
the ratedmaximm speed. of 11,500 qmsre presentedinfigure 7 so 
that the thermal stresses may later be evalueted by 0-m. 
At any other speed, the stresses vary frum these ~iona1l.y to 
the square of the speed. Aatually,atthfs speed, the oentrifugal 
stresses at different operating-temperature distributions differ 
slightly from those cU figure 7 because of the variation of the 
physical properties, swh as elastic modulus, with temperature. 
Such variationsinphysical~perties are inherentlytakeninto 
&mount in the calculation of the stresses by the method of 
reference 2. 

The tot81 elastio stresses, centrifugal plus themsl, for es& 
a9 the temperature distributions shown in flpw 6 are presented 
infQurea8andS. The elastio stresses for the temperature dis- 
tributions oorreem to the central plane and the rmoled and 
the umooled fsoes of the dLskforthetypioaltake-off sequence 
areshowninfQure8. Figure9showsthe oorretergopbing elastio 
stresses for the amergenoy tske-aff gequenoe. 

‘ 
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Plastio stresses. - The elastio Stresses near the rim exceed, 
in the more severe CsseS, the elaetio liznit & the material duriq 
both the emergenrry and typical take-off sequemes. Plastio flow is 
theredbre indloated in these cases. The stresees for eaoh ease, 
t8kIng into aoaount plm3tlc flow (recPerence 3) 8re show2 in fig- 
ures 10 snd 11. The stresses ln the rim region 8re relieved by the 
pl8atio flow, 8nd the stresses at other loc8tiona in the disk are 
very slightly decreased by the pl8stio flow of the rim region. 

Stresses in inner region of+ d.lsk. - ti Interpreting the 
elastlo stresses in the Inner regions, two mlteriona have been 
wnsldered, rum&y, proximity to pIketic flow 81~5 proximity to 
rupture. 3h order to eetablish such oriteriom, the &fect of the 
bi8xial stress oonditlon existing throughout the &l& muet first 
be postul8tecl. $03: the present purpose, it ie suffioient to eon- 
aider, in aooordance with the distortion-energy theory, that 8 
bi8xzl.81 stress condition oonsleting of the two principle StresSem, 

: -1 stress CTr and tangential stress at is eqtivslent to 8 
ocmdition 09 umi8xl81 etress a, given by 

2 -*ol;+%2 (1) 

The zatio cTy/iser where oy is the propotiUn81 elastic limlt of 
the ~teri8l(I?&e3?9nOe3)Ebt the Oper8tiIIgtCmpe3?ature&t any 
given location, is taken&e 8 me&sure of the prozimity of the 
material at this loation to plastio flow. The higher the value 
aF the ratio, the less is the I;rrobabiLtty of plastio flow. The 
values of this ratio for each of the three tmperature dlstribu- 
tlons oorreapondWg to the cooled and unoooled f8oes and the 
oentral plape are shown in figure 12(a) for 16 minutes after the 
start of thetyplosltake-off sequeme 8ndlnflgure 12(b)for 
10 minutes dter the start of the emergenay take-&f sequcmae. 
In the inner region, fmap 0 to about the 6-inoh radius, the ratio 
IS @W8teF than unity for 811 three teRQm&tIZZ% distrlbuticms and 
both &&e-off sequences, which indio8teS th8t no plastic flow 
should take p&me inthla -on. !Che faotor is mu&h higher for 
the temperature distribution at the uncooled f&m, which shorn 
th8tif the entire thidlmess & the diekwere operstedatthetan- 
per&urea that were present cm4 on the uncooled side, the prob- 

.&bilLty of plastlo flow would be lems thaa in the caSea corre- 
spondlng to tamperehares cm the oooled faoe or the oentral plane. 

. 

M w aa 

. 
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The reason for the lessened mb8bility is that the low tempe?%ture 
gradients in the unoooled faoe result in low thermal stress8s. The 
temperatures in the Inner region of the disk are high, but the pro- 
portionalelastic l.imitoPthishigh-tesnperature 8lloyoh8nges 

inappreciably below 8OW P, hence t;he ratio oybe la high. 

The prorimitytorupture of e8& loo8tioninthe disk is 
ascertained by establishing the ratio Cr2/0e 8s a criterion, where , 
o2 is the estimated e-hour stress-rupture value oorres~ to 
the temperature existing 8t any pertioular loc&tlon. The 2-hour 
stress-rupture value was seleoted because the length of t&se the 
disk is'at the most severe stress condition for the Inner region, 
represented by 16 minutes for the typical sequenoe and 10 minutes 
for the emergenoy sequence, is only 1 or 2 minutes for each t8ke-&f. 
'The use of the 2-hour stresleeup4iure value therefee represents a 
comparisonfor3OOto 5oOhours of engine qperatian. Thfs ratio is 
also plotted for the aorrespondlng stresses and t srmgerature dlstri- 
butions at the two faces and in the central plane af the disk at 
the end of 16 minutes of the typical t&se-off sequence (fig. 12(+)) 
and 8% the end of 10 minutea of the emerge-y take-off sequence 
(fig. 12(b)). For radii of less than 6 inahes, the ratio ia 
greater than 2 for all three temperature con&Ltions in both 
sequences. 5 temperature distribution oorrespooldlng to the 
uuoooled face of the disk is win seen to result in a higher 
safety factor be-use the reduaed gradient reduces the operating 
stresses more than the increased temperature deoreasee the 
strength of the material. 

A o-son of figures 12(a) and 12(b) Shows that the amer- 
gency take-off sequenoe results In only slightly more severe stress 
condLtion8 l&&n the typioal take-off sequena~. This 8lLght differ- 
ence in stress conditione is further demonstr8ted by onmp8rison of 
the stress distributions for the emergenoy sequence shown in fig- 
ure llwith those for the tgpical sequence shown in figure 10. 

The oomparison8wngthethreerupture-proximity~esmust, 
of course, be canSideZWd. only qUalit8tiVelg. StrSSB YTUptUrS IS 8 
phenomenon that occurs after pl8sGl.c flow, a condition likely to 
redistribute the stresses sufficlent3.y to invalidate oampwisons 
made on the b8sis of elastic+stress distribution. 
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!Che plots of the r&lo cf Z-hour str8sa-rupture value to the 
equlvs1en-k atrese ar8 not continu8d beyond the 6-inch radius in 
figure I.2 beoauee the etreaaea in the outer region of the disk are 
predominantly ccmpresaive, whereas stress rupture is associated 
tith tensile Stresses. 

Stresses in rim of disk. - Plots of the ratio cxP elastic limit 
to equivalent stress are extended, In figure 12, to the outside of 
the disk. The Wmperatures and stresses corresponding to the 
cooled face and oentral plane of the disk result In plastic flow 
for a considerableportionof the rim. In the disk investigated, 
in which the rim is rendered &Lacontinuoua by the machined fir-tree 
slots, such plsstic flow is not serious. When the disk rebxtms to 
roan ta.IpemtUre, the Slots me??84 88pSrSt8 by 8n amount uozT8- 
aponding to the plastio flow, which, in the present o&se, is oom- 
puted to be leaa than 0.002 in&. Loosening of the blades has, in 
fact, been obaerped In praotioe. The lPdiC&lOn would seem to be 
that.for disks of the fir-tree blade-insertion type a oold &ear- 
ante between the blade and the disk Se desirable in order to Jimit 
the amouut of plsstio flow and that olose fits are unuec8aaSry 
because they may preoipitate plastic flow and beoozw loose anyway; 
furthermare, they may lnore8se the machining and assembly ooata. 

In disks of welded-blade conatruation, which have effecttvely 
continuous rime, the plastic flow produoes residual internal 
strains thst result in residual t8nsile atresaea whan the disk 
returne to roamtempex73ture. The residual stresses in a hypo- 
thetical dlak similar to the one i2westlgsted, but with welded 

_ bladea, have been determin8d by the method of reference 3 and ar8 
ahoWn in figID% u(8) and 13(b). AS 8 3?8sUlt of the atreB8 con- 
centrationS inherent betxeen the blerdee, the88 residual tensile 
stresses maybe high enough to oauae cracks to be pro-ted 
b8%WX3f3n blades. Such cracks have, in fact, ooourred in dfska 
withwelded blades. The reduotion 09 the high therms1 stresses 
at the rim may be 8 m8ans aE' preventing these cracks; AE shown 
in figure 12, the equivalent StreSS 8XCeeds the elastio l-it in 
only a amall regLon near the rim when the temperature distribution 
16 that corresponding to the uncooled faoe of the dzLak, and the 
residual stresses (figs. 13(s) 8nd X3(b)) are muoh lower than 
those for each of the other two tgnaperature dlstributiona. The 
higher teunpersture and low8r gradients characterlatic cf the tem- 
persture distribution on the unoooled face of the disk would appear 
to be more desirable in diska of welded-blade oonstruction because 
the equivalent s-trees is reduced in the rim region and the atzwngth- 
to-atreas ratio is lncresaed at all points in the dlak. 
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An 8qxMmental investigation was oonducted to determine the 
temperature distribution in an airarsft-engine gas-turbine disk. 
The stresses in the turbins Uak were Calculated frcun the Ima8med 
t8lIlp8ZYLtIZ8 distribution. 

Th8~~radislte~~p~&t~ g328dienf; was 1050°F on the 
cooled faoe of the dlak. Atemparaturegradient 8shighsa SOOOF 
exLated betw8enthe two faces of the disk near the axle of rotation; 
the upst3%am f&c8 was air ooolsd, the downstream face wa8 uncool8L 
St;r8$888 introduced by the &Xi81 tFrmper&ture gradients were 
n8g3.8cted in the calculatiana. 

By use of the temperature distribution in the central plane to 
detemine the gross behavior of the disk, the stresses in the inner 
region were found, to be at all tlmea low8r than the proportional 
elastic limit and very much low8r than the Z-hour stress-rupture 
v8llle. 

By use of the temReratur8 distribution in the Cooled f&C8 88 
repzxsentative of the temperature distribution that would exist 
throughout the thickness of the disk if both faces wer8 cooled, and 
by use of the temperature distribution on the uncoolad face as 
represantative of the temperature distribution that would exist 
throughout the thickness of the disk if no cooling air w8re paaaed 
over either face, it was found th8t removing the coolAng air would 
increase the atwtngth-to-stress ratio at 811 pofnts Sn the dlak. 

5 lower temperature gradieata charscterlstio of the temper- 
ature distribution on the unaooled f&o8 of th8 diak alao appeared 
to be more deairsble in diaka of welded-blade constructlon be~auae 
the equivalent stream was reduced in th8 rim region and strength-to- . 
stress ratio was incr8aaed 8t all points in the disk. 

The em8rgencxy take-off a8guenc8 resulta in stress a-tat88 dif- 
fer- only slightly from those present during the typical take-off 
aequ8nCe. 

Blight Propulsion Resgaroh Laboratory, 
Rational Advisory Committee for Aeronautics, 

Cleveland, Ohio. 

. 
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FQure 1. - Turbojet engine mounted oxi pendulum-type sea-level teat etard ehcwlng IUtX 
varialAe-area Jet nozzle wed to aontrol w temperature in exhausti oona. 
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Figure 3. - Method of inetalling thermocouplea on turbine disk. 
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